The transforming growth factor ␤ isoforms, TGF-␤1, -␤2, and -␤3, are small secreted homodimeric signaling proteins with essential roles in regulating the adaptive immune system and maintaining the extracellular matrix. However, dysregulation of the TGF-␤ pathway is responsible for promoting the progression of several human diseases, including cancer and fibrosis. Despite the known importance of TGF-␤s in promoting disease progression, no inhibitors have been approved for use in humans. Herein, we describe an engineered TGF-␤ monomer, lacking the heel helix, a structural motif essential for binding the TGF-␤ type I receptor (T␤RI) but dispensable for binding the other receptor required for TGF-␤ signaling, the TGF-␤ type II receptor (T␤RII), as an alternative therapeutic modality for blocking TGF-␤ signaling in humans. As shown through binding studies and crystallography, the engineered monomer retained the same overall structure of native TGF-␤ monomers and bound T␤RII in an identical manner. Cell-based luciferase assays showed that the engineered monomer functioned as a dominant negative to inhibit TGF-␤ signaling with a K i of 20 -70 nM. Investigation of the mechanism showed that the high affinity of the engineered monomer for T␤RII, coupled with its reduced ability to non-covalently dimerize and its inability to bind and recruit T␤RI, enabled it to bind endogenous T␤RII but prevented it from binding and recruiting T␤RI to form a signaling complex. Such engineered monomers provide a new avenue to probe and manipulate TGF-␤ signaling and may inform similar modifications of other TGF-␤ family members.
The transforming growth factor ␤ isoforms, TGF-␤1, -␤2, and -␤3, are small secreted signaling proteins. Their overall structures are similar and consist of two cystine-knotted monomers tethered together by a single inter-chain disulfide bond (1) . They coordinate wound healing, modulate immune cell function, maintain the extracellular matrix, and regulate epithelial and endothelial cell growth and differentiation (2) . The TGF-␤s are synthesized as pre-pro-proteins, and after maturation, secretion, and release from their pro-domains (3), the mature homodimeric growth factors (GFs) 3 bind and bring together two single-pass transmembrane receptors, known as T␤RI and T␤RII, to form the signaling-competent T␤RI 2 -T␤RII 2 heterotetramer (4, 5) . TGF-␤ GFs assemble T␤RI 2 -T␤RII 2 heterotetramer in a sequential manner, first by binding T␤RII followed by recruitment of T␤RI (6, 7) . The stepwise assembly of T␤RII and T␤RI into a heterotetramer is driven by binding of T␤RI to a composite TGF-␤/T␤RII interface ( Fig.  1A) (8, 9) .
The disruption or dysregulation of the TGF-␤ pathway is responsible for several human diseases. These include connec-tive tissue disorders, such as Marfan's disease and Loeys-Dietz syndrome, which are caused by increased or decreased signaling due to mutations in the matrix protein fibrillin-1 or T␤RII, respectively (10, 11) . The dysregulation of the pathway is also responsible for fibrotic disorders (12) and soft tissue cancers (13) . The fibrotic disorders are a result of hyperactive TGF-␤ signaling following tissue injury or disease progression that leads to the accumulation of extracellular matrix proteins. TGF-␤'s role in cancer is complex, with loss of its potent growth inhibitory activity being responsible for cancer initiation (14) , and excessive TGF-␤ signaling, in the context of growth refractory advanced cancers, potently stimulating cancer progression and metastasis (13) .
TGF-␤'s disease promoting activities, together with animal studies that have demonstrated beneficial effects of inhibiting TGF-␤ in models of cancer and fibrosis (15) (16) (17) (18) (19) (20) (21) (22) , have made them important targets for the development of inhibitors. However, despite clinical trials ongoing for nearly 2 decades using receptor kinase inhibitors, neutralizing antibodies, and other approaches, no TGF-␤ inhibitors have been approved for clinical use in humans (23, 24) . One of the main challenges involves finding the correct dosing and pharmacodynamics for the particular disease to enable an effective therapeutic response, but sparing or minimally impacting TGF-␤ signaling, or other signaling pathways, in normal cells and tissues. TGF-␤ kinase inhibitors have posed some challenges in this respect as they have significant inhibitory activity against other type I receptors of the TGF-␤ superfamily, as well as other related kinases (25) (26) (27) , and may further lead to rapid development of resistance (28) . Pan-isoform TGF-␤ neutralizing antibodies, such as Sanofi's humanized mouse monoclonal antibody, GC1008, are specific, although tissue residence times are long and some concerning side effects, such as keratoacanthoma and squamous cell carcinoma, have been reported in clinical trials (29) .
Thus, alternative approaches are needed to target the TGF-␤ pathway. The objective of this study was to investigate whether it might be possible to design an engineered TGF-␤ GF that functioned as a dominant negative to potently and specifically inhibit TGF-␤ signaling. This approach offers several potential advantages over existing therapies. Relative to kinase inhibitors, engineered GFs would be expected to have much higher specificity, especially if they function by binding and blocking T␤RII, which is known to only bind and transduce signals for TGF-␤1, -␤2, and -␤3, but not other TGF-␤ family GFs (1, 30) . Another potential advantage over kinase inhibitors is increased bioavailability because, unlike the kinase inhibitors, engineered GFs would not have to cross the plasma membrane to reach their target. Relative to monoclonal antibodies, the engineered GFs, because of their smaller size, would be expected to have shorter tissue lifetimes, which would limit sustained inhibition in normal cells and tissues and may alleviate undesirable side effects. The smaller size of engineered GFs may also lead to improved penetration of diseased tissues, particularly solid tumors, relative to 150-kDa monoclonal antibody molecules (31, 32) . Engineered ligands have been successfully used to target other signaling pathways, such as the VEGF pathway (33), and thus represent a largely undeveloped but potentially very effective therapeutic modality for treating disease.
Through previous studies, monomeric forms of TGF-␤1 and TGF-␤3, formed by substituting the cysteine residue that forms the inter-chain disulfide to serine (C77S), were shown to have diminished signaling activity compared with their disulfidelinked counterparts, but nonetheless were still quite potent, with EC 50 values for stimulation of TGF-␤ reporter gene activity in the range of 100 pM (7, 34) . Amatayakul-Chantler et al. (34) , and later Zúñiga and co-workers (7) , suggested this residual activity might arise from assembly of a dimeric complex of a GF homodimer and two bound T␤RIs and two bound T␤RIIs, but without the disulfide linkage between the GF monomers. This model was attractive for two reasons: first, structures of the TGF-␤s show there are in fact extensive hydrophobic contacts between the TGF-␤ monomers that could promote noncovalent self-association of the monomers (Fig. 1B) (35, 36) ; second, once formed, these non-covalent dimers would be stabilized as the receptors bind, because crystal structures show that at least one them, T␤RI, binds by straddling the TGF-␤ homodimer interface ( Fig. 1 , A and C) (8, 9) .
The objective of this study was to design an engineered TGF-␤ monomer that still retained its full capacity to bind the high affinity TGF-␤ receptor, T␤RII, but was fully impaired in its ability to bind and recruit T␤RI. This type of engineered monomer would be expected to function as a dominant negative and thus inhibit TGF-␤ signaling, because it would bind and thus occupy cell surface T␤RII, but in turn be unable to recruit T␤RI to form a signaling complex. The results presented here document the generation of such an engineered monomer and demonstrate that such monomers function as potent inhibitors of TGF-␤ signaling in cultured cells. The results further show that unlike dimeric TGF-␤s, as well as their C77S monomeric counterparts, engineered monomers are highly soluble. These properties, together with the high intrinsic specificity of TGF-␤s for T␤RII, should engender this novel inhibitor with favorable properties for treating human diseases, such as Marfan's disease, fibrotic disorders, and soft tissue cancers that are driven by excessive TGF-␤ signaling.
Results

Design of engineered mini-monomeric TGF-␤ (mmTGF-␤)
The structures of the TGF-␤ receptor complexes (8, 9) , as well as accompanying binding and cross-linking studies with TGF-␤3 C77S (7, 8, 37) , suggested that the signaling capacity of monomeric TGF-␤s (TGF-␤1 C77S or mTGF-␤1 and TGF-␤3 C77S or mTGF-␤3) arise from their ability to non-covalently dimerize and in turn bind their receptors (Fig. 1, A and C) . This led to our hypothesis that it should be possible to diminish or completely eliminate receptor complex assembly with monomeric TGF-␤s by removing or altering residues responsible for dimer formation and binding of T␤RI. The structural motif that likely contributes the greatest to self-association of the monomers is the "heel" ␣-helix, ␣-helix 3 (Fig. 1A) . This helix is highly amphipathic and has numerous hydrophobic interactions with residues that line the "palm" of the opposing monomer ( Fig.  1B ). This helix also forms a large portion of the binding surface for T␤RI ( Fig. 1C ). Thus, it was hypothesized that elimination of ␣-helix 3 should interfere with both self-association of the monomers and binding of T␤RI, but it should not impair T␤RII binding as this occurs through the ligand fingertips far away from ␣-helix 3 (Fig. 1A) .
To evaluate this hypothesis, bacterial expression constructs were generated for TGF-␤1, TGF-␤2, and TGF-␤3 in which residues 52-71 were eliminated and Cys-77 was substituted with serine. This corresponds to deletion of all of ␣-helix 3, as well as five flanking residues on the N-terminal end and three flanking residues on the C-terminal end (Fig. 1D ). The length of the deletion was chosen so as to leave a sufficient number of residues between the last residue of ␤-strand 4 (Gly-48) and the first residue of ␤-strand 5 (Cys-77/Ser-77) to form an unconstrained loop that bridges ␤-strands 4 and 5. Although a secondary consideration, either two (TGF-␤2) or three (TGF-␤1 and -␤3) of the loop-forming residues were also substituted so as to increase the net overall charge at pH 7.0 for the full-length TGF-␤1, -␤2, and -␤3 monomers from Ϫ0.9, ϩ1.1, and ϩ4.4 to Ϫ3.1, ϩ3.9, and ϩ6.1 for the constructs in which ␣-helix 3 was deleted ( Fig. 1D ). The rationale for this was that the solubility of the monomers, which like the homodimers are poor from pH 4.5 to 9.5 (see Fig. 4 , A and B, below), might be improved by both removing hydrophobic ␣-helix 3 and by artificially increasing the net charge at pH 7.0.
Isolation and physical characterization of mmTGF-␤2
The TGF-␤1, -␤2, and -␤3 "mini-monomers" described above, designated mmTGF-␤1, mmTGF-␤2, and mmTGF-␤3, were expressed in Escherichia coli and accumulated in the form of insoluble inclusion bodies. The inclusion bodies were isolated, and after reconstitution and purification in denaturant, the mini-monomers were renatured by dilution into CHAPScontaining buffer at pH 9.0 as described previously (38) . The folding of the mini-monomers differed greatly; a large portion of the mmTGF-␤2 remained soluble during the folding and yielded large amounts of monomeric protein after purification by cation exchange chromatography, whereas only a small amount of mmTGF-␤1 and mmTGF-␤3 remained soluble during the folding, and either no monomeric protein (TGF-␤1) or a very small amount of monomeric protein (TGF-␤3) was obtained after purification by cation exchange chromatography. This pattern mirrors the pattern previously observed for the folding of TGF-␤ homodimers from full-length wild type monomers (38) and likely reflects differences in the intrinsic propensity of the monomers to properly form the four intramolecular disulfides characteristic of each monomer. mmTGF-␤2 was the least desired variant, due to the expected low affinity for binding T␤RII. However, this was considered an addressable concern based on our prior studies, which demonstrated that substitution of Lys-25, Ile-92, and Lys-94 in TGF-␤2 with the corresponding residues in TGF-␤1 and TGF-␤3 engendered TGF-␤2 with the ability to bind T␤RII with high affinity (39, 40) .
To determine whether mmTGF-␤2 was suitable for further development in the manner described above, it was characterized in terms of its folding, solubility, and receptor binding properties. To assess folding, a 15 The TGF-␤ monomers are described as curled left hands, with the heel formed by a 3 1 ⁄2 turn ␣-helix (␣3) and the four fingers formed by the ␤-strands that extend from the cystine knot that stabilizes each monomer. B, expanded view illustrating packing interactions formed by hydrophobic residues that emanate from the heel ␣-helix (blue ribbon) of one TGF-␤3 monomer with hydrophobic residues from the palm region of the opposing TGF-␤3 monomer (magenta ribbon with transparent magenta surface). C, expanded view illustrating ionic, hydrogen bonding, and hydrophobic interactions that stabilize T␤RI (red ribbon) at the composite interface formed by both monomers of TGF-␤3 (magenta and blue ribbons) and T␤RII (tan ribbon). D, sequence alignment of TGF-␤1, -␤2, and -␤3 with monomeric variants in which Cys-77, which normally forms the inter-chain disulfide bond, is substituted with serine (mTGF-␤2 and mTGF-␤3) or mini-monomeric variants in which Cys-77 is substituted with serine, residues 52-71 have been deleted, and two or three additional residues (highlighted in red) have been substituted (mmTGF-␤1, mmTGF-␤2, and mmTGF-␤3). Calculated net charge of the corresponding monomers at pH 7.0 is shown on the right. E, sequence alignment of TGF-␤1, -␤3, -␤2, mmTGF-␤2, and mmTGF-␤2-7M in the T␤RII-binding region. Residues in the T␤RII binding interface are indicated by yellow shading. Residues substituted in mmTGF-␤2-7M relative to mmTGF-␤2 are highlighted in red, and include K25R, I92V, and N94R, which were shown previously to be necessary and sufficient for high affinity T␤RII binding (39, 40) . F, interface between TGF-␤3 and T␤RII, with Arg-25, Val-92, and Arg-94 highlighted by red labels.
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␤2 was prepared and examined by recording a two-dimensional 1 H-15 N shift correlation spectrum ( Fig. 2A ). This revealed a highly dispersed spectrum characteristic of natively folded protein. The spectrum could be fully assigned, and analysis of the assigned chemical shifts to identify secondary structure propensities showed that the protein had the expected secondary structure, particularly in the palm region formed by the cystine knot and the finger region where T␤RII binds (supplemental Fig. S2A ). This analysis further showed that the newly created loop between residues 47 and 56 had near zero probability of forming either an ␣-helix or ␤-strand, suggesting that it is likely flexible as would be expected for a loop of this length connecting two antiparallel ␤-strands. This was directly confirmed by an analysis of backbone 15 N T 2 values. These values provide information about motions on fast (nanosecond-picosecond) and intermediate (microsecond-millisecond) time scales and were significantly elevated in the region corresponding to the newly created loop relative to the other parts of the protein (supplemental Fig. S2B ), which, except for the N terminus and the short loop connecting ␣-helix 1 and ␤-strand 1, are expected to be structurally well-ordered. To directly examine the three-dimensional structure, mmTGF-␤2 was crystallized, and its structure was determined to a resolution of 1.8 Å using molecular replacement ( Table 1 ). The overall fold of mmTGF-␤2 was shown to be highly similar to that previously determined for TGF-␤2, with the exception of the newly created loop, which was shown to take the place of ␣-helix 3 as anticipated ( Fig. 2B ). Superposition of the mmTGF-␤2 with the monomer from the structure of TGF-␤2 shows that there is a systematic displacement of up to about 1.5 Å of the finger region of mmTGF-␤2 relative to TGF-␤2. Such differences appear to be the result of bending of the monomer near the center of the finger region and not a change in the structure of the finger region, as superimposition of the fingers alone show that they correspond closely, with a backbone r.m.s.d. of under 0.2 Å and similar orientations of the side chains of several residues that pack and stabilize the fingers (Fig. 2D ). Such bending is also supported by an overlay of the two molecules of mmTGF-␤2 present in the crystallographic asymmetric unit, which also exhibit a smaller but still noticeable displacement of the finger regions relative to one another ( Fig. 2C ). Consistent with the NMR analysis, not only was the electron density noticeably weaker in the region corresponding to the newly created loop, but also it was shown to adopt different orientations for the two molecules from the asymmetric unit (Fig. 2C ).
The similar folding of mmTGF-␤2 relative to TGF-␤2, especially in the T␤RII-binding finger region, suggested that it would also bind T␤RII in a similar manner. To evaluate this, surface plasmon resonance (SPR) experiments were performed in which the same concentration series of T␤RII was injected over TGF-␤2 and mmTGF-␤2 immobilized on separate flow cells ( Fig. 3, A and B ). Although it was not possible to quantitate affinity due to weak binding, the sensorgrams nonetheless showed similar shapes and concentration dependence. These sensorgrams show that mmTGF-␤2 binds T␤RII weakly, consistent with earlier reports (39) , and that it does so in a manner qualitatively similar to TGF-␤2.
The solubility of mmTGF-␤2 appeared to be significantly better than that of TGF-␤2 and the full-length TGF-␤2 monomer, mTGF-␤2, as samples of the former could be readily prepared at concentrations of 2-3 mg ml Ϫ1 without noticeable precipitation at pH 7.0, whereas samples of the latter two proteins were completely precipitated under these same conditions. To quantitate solubility, TGF-␤2, mTGF-␤2, and mmTGF-␤2 were prepared as concentrated stocks in 100 mM acetic acid, pH 2.9, where they were readily soluble and then diluted into PBS, pH 7.4. The light scattering at 340 nM was measured to assess precipitation, and then the samples were centrifuged, and the absorbance at 280 nM was measured to assess the protein concentration. This demonstrated that TGF-␤2 and mTGF-␤2 were both effectively insoluble at neutral pH over the entire concentration range evaluated (7-100 M) ( Fig. 4, A and B) . This is consistent with the known poor solubility of the TGF-␤ homodimers (41) , but it shows that this property also extends to full-length monomeric TGF-␤s. The mini-monomeric TGF-␤2, mmTGF-␤2, in contrast, exhibited modest light scattering and a corresponding modest reduction in the amount of soluble protein relative to that expected when the protein concentration was 40 M or higher, indicating that indeed mmTGF-␤2 was reasonably soluble at neutral pH, although not perfectly so. This was reflected in NMR spectra, which showed that although 100 -200 M 15 N mmTGF-␤2 samples could be readily prepared, the spectrum was nonetheless poor, with the only detectable signals arising from residues in the flexible parts of the protein, namely the N terminus, the exposed loop between ␣-helix 1 and ␤-strand 1, and the newly created loop between ␤-strands 4 and 5. The fact that signals could only be detected from the flexible parts of the protein suggested that mmTGF-␤2 forms large soluble aggregates under these conditions. Through trial and error, it was found that these soluble aggregates could be eliminated by addition of the zwitterionic detergent CHAPS, with the majority of the NMR signals appearing at the concentration of 5 mM CHAPS and all of the NMR signals appearing at 10 mM CHAPS. Thus, all NMR spectra, including that shown in Fig. 2A , were recorded in the presence of 10 mM CHAPS.
Isolation and physical characterization of mmTGF-␤2-7M
The results presented above show that whereas mmTGF-␤2 is natively folded, it nonetheless possesses low intrinsic affinity for binding T␤RII. To confer mmTGF-␤2 with the ability to bind T␤RII with high affinity comparable with that of TGF-␤1 and TGF-␤3, the three residues in mouse TGF-␤2 shown previously to differ in the interface with T␤RII, Lys-25, Ile-92, and Asn-94 (40, 42) , were substituted with the corresponding residues from TGF-␤1 and -␤3, Arg-25, Val-92, and Arg-94 ( Fig. 1 , E and F). In previous studies, substitution of these three residues was shown to be sufficient to confer TGF-␤2 with a T␤RII binding affinity comparable with TGF-␤1 and TGF-␤3 (39, 40) . Despite this, four additional residues peripheral to the T␤RIIbinding site that differed in TGF-␤2 relative to TGF-␤1 were also substituted with the corresponding residues from TGF-␤1 (R26K, L89V, T95K, and I98V) ( Fig. 1, E and F) . Although previous results suggested this was not strictly necessary, it was nonetheless done to ensure that the precise orientation of residues in the mmTGF-␤2-binding site for T␤RII matched as closely as possible with that in the high affinity TGF-␤ isoforms, TGF-␤1 and TGF-␤3. The resulting construct bearing these seven amino acid substitutions, designated mmTGF-␤2-7M ( Fig. 1E, supplemental Fig. S1 , and supplemental Table S1), was expressed in E. coli in the form of insoluble inclusion bodies. As with mmTGF-␤2, most of the protein remained in solution after reconstitution and dilution into native folding buffer, and large amounts of homogenous monomer could be isolated (4 -5 mg/liter of E. coli culture medium).
The folding and homogeneity of the isolated mmTGF-␤2-7M was evaluated by NMR, and as with mmTGF-␤2, the protein was found to have the expected number of signals in a 2D 1 H-15 N shift correlation spectrum ( Fig. 5A ) as well as secondary structure, as determined by an analysis of the NMR secondary shifts (supplemental Fig. S3A ). The solubility of mmTGF-␤2-7M was evaluated as before, and as shown, its 
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behavior was comparable or perhaps slightly better than that of mmTGF-␤2 ( Fig. 4, C and D) . This slight improvement in the macroscopic solubility did not however change the microscopic solubility as NMR analysis showed that it was still necessary to include 10 mM CHAPS in the sample buffer to detect signals from all of the backbone amide resonances in the protein.
The three-dimensional structure of mmTGF-␤2-7M was determined by crystallography to a resolution of 2.75 Å (Table   1) , and as before the overall fold was preserved relative to TGF-␤2, with the only difference being a slight hinge bending of the monomer as described for mmTGF-␤2 (Fig. 5, B and C) . The increase in the 15 N T 2 relaxation times in the region corresponding to the newly formed loop in mmTGF-␤2-7M was comparable with that in mmTGF-␤2 (supplemental Fig. S3B ). This suggested that the missing density in the region corresponding to the newly formed loop in mmTGF-␤2-7M, which among the three molecules in the asymmetric unit was observed for part of chain A and most of chain C, was not due to increased dynamics, but other factors, most likely the lower resolution of the mmTGF-␤2-7M structure compared with the mmTGF-␤2 structure ( Table 1) .
To determine whether mmTGF-␤2-7M bound T␤RII with high affinity, variants of mmTGF-␤2-7M and TGF-␤3 were produced bearing an N-terminal avitag, and after biotinylation and immobilization onto a streptavidin-coated SPR sensor, their binding affinity for T␤RII was measured by performing kinetic SPR experiments (Fig. 3, C and D) . The sensorgrams obtained differed greatly from that previously obtained for mmTGF-␤2 and TGF-␤2, in that they exhibited a clear pattern of saturation. The sensorgrams were furthermore shown to have similar shapes as well as fitted parameters, including K D values ( Table 2) , which were within experimental error of one another and consistent, although on the high end, with K D values reported earlier for T␤RII binding to TGF-␤1 and TGF-␤3 (37, 39, 40) .
To determine whether the interactions that enabled high affinity T␤RII binding were preserved in mmTGF-␤2-7M compared with TGF-␤1 and TGF-␤3, the mmTGF-␤2-7M⅐T␤RII complex was crystallized, and its structure was determined to a resolution of 1.88 Å ( Table 1 ). The overall structure of the mmTGF-␤2-7M⅐T␤RII complex is shown to be very similar to that of one of the T␤RII-bound monomers from the structure of the TGF-␤3⅐T␤RII⅐T␤RI complex, with T␤RII bound to the mmTGF-␤2-7M fingertips in a manner that is essentially indistinguishable from that of TGF-␤3 (Fig. 5D ). The interactions known to contribute most significantly to high affinity binding are furthermore shown to be fully preserved in the mmTGF-␤2-7M⅐T␤RII complex relative to TGF-␤1⅐T␤RII and TGF-␤3⅐T␤RII complexes that have been previously determined (the TGF-␤3⅐T␤RII complex determined to 1.8 Å (42) is shown as this is the highest resolution structure determined to date) ( Fig.  5E ). This includes the packing of Ile-53 from T␤RII in the hydrophobic pocket between the TGF-␤ fingers, and the hydrogen-bonded ion pairs formed between TGF-␤ Arg-25 and Arg-94 on the tips of the loops connecting fingers 1/2 and 3/4, respectively, and the carboxylate groups of Glu-119 and Asp-32 on T␤RII (Fig. 5E ).
Inhibitory activity of mmTGF-␤2-7M and the underlying mechanism
The results presented above show that mmTGF-␤2-7M possesses one of the essential attributes required to function as a dominant negative inhibitor of TGF-␤ signaling, which is the ability to bind T␤RII with high affinity comparable with that of TGF-␤1 and TGF-␤3. To directly assess whether mmTGF-␤2-7M might signal and, if not, whether it might function as an inhibitor, TGF-␤ signaling was assessed by treating HEK293 cells stably transfected with a TGF-␤ luciferase reporter under the control of a CAGA 12 promoter (43) with increasing concen- 
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trations of TGF-␤s. The results showed that dimeric TGF-␤1 (TGF-␤1) and full-length monomeric TGF-␤3 (mTGF-␤3) resulted in a sigmoidal increase in the luciferase response, with concentrations of roughly 25 pM TGF-␤1 and 250 pM mTGF-␤3 leading to no further increase in the measured luciferase response. This is consistent with earlier reports that showed that (full-length) monomeric TGF-␤1 and -␤3 were 5-15-fold less potent than their dimeric counterparts (7, 34) . . Major structural features are indicated, along with the newly created loop in mmTGF-␤2 (red), which takes the place of the heel (␣3) helix in TGF-␤2. C, overlay of the three mmTGF-␤2-7M chains (chain A, B, and C shown in dark red, green, and orange ribbon, respectively) from the crystallographic asymmetric unit. Dashed line corresponds to missing segments in the newly created loop in chains A and C due to weak electron density. Other details as in B. D, overlay of the 1.8 Å crystal structure of mmTGF-␤2-7M⅐T␤RII complex (dark red and orange ribbons, respectively) with one of the TGF-␤3 monomers and its bound T␤RII from the 3.0 Å crystal structure of the TGF-␤3⅐T␤RII⅐T␤RI complex (PDB 2PJY, TGF-␤3 monomer and T␤RII shown in dark blue and cyan ribbon, respectively; T␤RI not shown for clarity). Newly created loop in mmTGF-␤2 (red), which takes the place of the heel (␣3) helix in TGF-␤2, is depicted in red. E, overlay as in B, but expanded to show the near identity of critical hydrophobic and hydrogen-bonding/electrostatic interactions shown previously to be essential for high affinity TGF-␤3⅐T␤RII binding (39, 40) . 
potent sub-nanomolar signaling activity observed for TGF-␤1 and mTGF-␤3 stands in contrast to that of mmTGF-␤2-7M, which had no detectable signaling activity at the concentration that led to a saturating response for mTGF-␤3 (ca. 200 pM) or at concentrations that were up to four orders of magnitude higher (Fig. 6A) . Thus, mmTGF-␤2-7M was either completely devoid of signaling activity or it possessed signaling activity, but with a potency more than a 10,000-fold less than that of mTGF-␤3.
To further investigate the properties of mmTGF-␤2-7M, a competition experiment was performed in which the same HEK293 luciferase reporter cell line was stimulated with a constant sub-EC 50 concentration of dimeric TGF-␤1 (8.0 pM) and increasing concentrations of mTGF-␤3 or mmTGF-␤2-7M. The results showed that mTGF-␤3 further stimulated signaling with a midpoint concentration similar to that of mTGF-␤3 alone (Fig. 6B ). The fitted EC 50 values confirm this, with an EC 50 of 182 Ϯ 16 pM for the data shown in Fig. 6A and EC 50 of 194 Ϯ 36 pM for the data shown in Fig. 6B . The behavior of mmTGF-␤2-7M was very different, with no detectable change in the signaling activity when added up to concentrations of 10 nM, but with a sharp decrease to no detectable signaling activity when the concentration was increased to 100 nM (Fig. 6B ). This shows that mmTGF-␤2-7M indeed possesses no signaling activity and that it can function to completely block and inhibit TGF-␤ signaling. The normalized luciferase responses could be readily fitted to a standard model for ligand-dependent inhibition and yielded an IC 50 value of 68 Ϯ 7 nM. Similar experiments showed that mmTGF-␤2-7M also functioned as a potent competitive inhibitor against the other TGF-␤ isoforms, TGF-␤2 and TGF-␤3, with measured IC 50 values (TGF-␤2 IC 50 19 Ϯ 3 nM and TGF-␤3 IC 50 21 Ϯ 8 nM) within a factor of 2-3 of that measured for TGF-␤1 (supplemental Fig. S4, A and B) . These IC 50 values are on the lower end of the range of affinities that have been reported for binding of the high affinity TGF-␤ isoforms to T␤RII, including mmTGF-␤2-7M reported here ( Table 2 ). This suggests that mmTGF-␤2-7M functions to inhibit TGF-␤ signaling in the manner anticipated, which is by binding to and blocking endogenous T␤RII. The fact that the measured potency is greater than the greatest affinity previously reported for TGF-␤1 and TGF-␤3 binding to T␤RII (140 nM) (9) , suggests that other factors, such as nonspecific association of mmTGF-␤2-7M with the plasma membrane, may serve to potentiate its inhibitory activity.
The finding that mmTGF-␤2-7M possesses no apparent signaling activity, and in fact functions as a low nanomolar inhibitor of TGF-␤ signaling, suggests that the elimination of ␣-helix 3 in fact diminished non-covalent association of the monomers and greatly attenuated or abrogated T␤RI binding. To assess this directly, SPR experiments were performed to determine whether mmTGF-␤2-7M could recruit T␤RI in the presence of T␤RII. To accomplish this, increasing concentrations of T␤RI and the same concentration series of T␤RI in the presence of near-saturating amounts of T␤RII (2 M) were injected over the same TGF-␤3 and mmTGF-␤2-7M SPR chip surfaces used for the T␤RII binding measurements described above. This showed that T␤RI alone binding is negligible to both TGF-␤3 and mmTGF-␤2-7M (Fig. 3, E and F) , but unlike TGF-␤3, T␤RII-bound mmTGF-␤2-7M is unable to recruit T␤RI (Fig. 3,  G and H) . This is consistent with the earlier result reported by Huang et al. (37) that T␤RII-bound mTGF-␤3 was significantly or completely impaired in terms of its ability to bind and recruit T␤RI. This also provides further evidence that T␤RII-bound TGF-␤ monomers are incapable of binding and recruiting T␤RI, but because the mmTGF-␤2-7M was immobilized on the surface of the sensor, it alone does not provide any insight as to whether mmTGF-␤2-7M might be capable of non-covalently dimerizing and binding and recruiting T␤RI.
To address these questions directly, two solution-based techniques were used, analytical ultracentrifugation (AUC) and time-resolved fluorescence resonance energy transfer (TR-FRET). The AUC experiments were performed by measuring the total UV absorbance at 280 nm as a function of the radial position and time as mTGF-␤3, mmTGF-␤2, and mmTGF-␤2-7M were sedimented under acidic conditions, pH 3.8, where the monomers are fully soluble. The AUC data revealed parabolically shaped van Holde-Weischet sedimentation coefficient distribution plots for all three monomers (data not shown), consistent with each undergoing reversible self-association to form a dimer or other higher order oligomer. To determine more precisely which species might be present in solution, the data TGF-β1 mTGF-β3 mmTGF-β2-7M 
were fitted to the simplest model possible, a discrete monomerdimer equilibrium, using finite element analysis as described under "Experimental procedures." The fitting procedure resulted in near-perfect fits for all three monomers to the simple monomer-dimer model, as shown by (a) the close overlays between the fitted curves (red) with the raw data, after the time and radially-invariant noise was removed (black) and (b) the absence of any systemic deviations in the residuals (supplemental Figs. S5-S7). The fitted parameters further showed that K D for self-association was 1 order of magnitude greater for mTGF-␤3 compared with mmTGF-␤2 and mmTGF-␤2-7M. Thus, the removal of the heel helix, ␣3, does diminish selfassociation of the monomers to form dimers, but it does not completely abrogate dimer formation. TR-FRET was used to assess the ability of dimeric and monomeric TGF-␤s to bind and bring T␤RI and T␤RII together. This was accomplished by generating differentially tagged forms of T␤RII and T␤RI and in turn binding to these tags with proteins labeled with fluorescent donors and acceptors. T␤RII was tagged with a C-terminal His tag and was bound by a terbium cryptate-labeled anti-His monoclonal antibody fluorescent donor, and T␤RI was tagged with an N-terminal avitag, which after enzymatic biotinylation was bound to a dye-labeled (XL-665) streptavidin fluorescent acceptor (Fig. 7A ). The addition of TGF-␤ to the tagged receptors brings them together and leads to a large increase in the ⌬F value, which is defined as the ratio of the acceptor and donor emission fluorescent intensities. The TR-FRET assay is demonstrated by the data presented in supplemental Fig. S8 and was used here to compare the ability of the TGF-␤3 full-length monomer, mTGF-␤3, and the TGF-␤2 mini-monomer that binds T␤RII with high affinity, mmTGF-␤2-7M, to bind and bring T␤RI and T␤RII together. The TR-FRET signal for mTGF-␤3 was shown to be comparable with that of TGF-␤3, and this did not depend on whether the TGF-␤ concentration was 100 or 250 nM (Fig. 7B) . The TR-FRET signal of mmTGF-␤2-7M was, in contrast, within the error limits of the buffer control, and this did not depend on the TGF-␤ concentration (Fig. 7B) . These results demonstrate that under these conditions, mTGF-␤3 retains full capacity to assemble a non-covalent dimeric complex with T␤RI and T␤RII, but under these same conditions, mmTGF-␤2-7M has no capacity to do so. These results, together with the AUC results, suggest that the removal of the heel helix had the effects anticipated; its removal appears to have reduced, although did not eliminate, dimer formation, and even though dimers are still formed, they are evidently unable to bind and recruit T␤RI.
Discussion
The TGF-␤s are responsible for promoting the progression of numerous human diseases (11) (12) (13) 44 ), yet despite nearly 2 decades of preclinical studies and clinical trials, no inhibitors have been approved for use in humans. The results presented here demonstrate that an engineered TGF-␤ monomer, lacking Cys-77 and the heel ␣-helix (␣3), functions to potently block and inhibit signaling of the TGF-␤1, -␤2, and -␤3 with IC 50 values in the range of 20 -70 nM ( Fig. 6B and supplemental Fig.  S4 ). This novel inhibitor has several attributes that may overcome limitations that have been encountered with other classes of inhibitors, for example the natural high specificity of TGF-␤ and thus the inhibitor for T␤RII may engender it with much greater specificity, and thus fewer undesirable side effects, compared with the much more promiscuous TGF-␤ kinase inhibitors. The small size of the inhibitor (ϳ10 kDa) may further engender it with a much greater ability to penetrate tumors and other dense tissues where the TGF-␤s drive disease progression, a distinct advantage compared with IgG antibodies, which are much larger (ϳ150 kDa) and tend to occupy only the vascular and interstitial space of well perfused organs (31, 32) . The other advantages of this novel inhibitor include its high intrinsic stability, because of the four intramolecular disulfide bonds that tie the four fingers together, and the fact that it is highly soluble in water at neutral pH, unlike native TGF-␤ dimers or full-length TGF-␤ monomers.
The structures of TGF-␤ receptor complexes, together with the previously published chemical cross-linking data, suggested that the potent signaling activity of TGF-␤1 C77S and TGF-␤3 C77S was due to the ability of the monomers to non-covalently dimerize and in turn assemble a (T␤RI⅐T␤RII) 2 heterotetramer. The results presented here, namely the AUC experiments that were used to assess non-covalent dimer formation and the TR-FRET experiments that were used to assess assembly of complexes with T␤RI and T␤RII, provided further evidence for this. The AUC data showed that full-length monomeric TGF-␤3, mTGF-␤3, self-associates to form dimers with a dimerization constant of 4.1 M ( Table 3 ). The TR-FRET data showed that at a concentration of 0.1 or 0.25 M and in the presence of comparable concentrations of the T␤RI and T␤RII ectodomains, mTGF-␤3 assembles T␤RI⅐T␤RII complexes to the same extent as dimeric TGF-␤3 (Fig. 7B ). That this occurs, even under conditions where the mTGF-␤3 concentrations (0.1-0.25 M, Fig. 7B ) were more than an order of magnitude below the K D value for self-association (4.1 M, Table 3 ), indicates that receptor binding also contributes significantly to assembly of T␤RI⅐T␤RII complexes. The assembly of T␤RI⅐T␤RII complexes with mTGF-␤3, and presumably mTGF-␤1 as well, therefore appears to be a cooperative process, much like protein folding, in which multiple weaker interactions, including monomer-monomer, non-covalent dimer-receptor, and receptor-receptor interactions, cooperate to enable formation of a thermodynamically stable TGF-␤⅐T␤RI⅐T␤RII complex. This manner of cooperative assembly is likely responsible for the ability of mTGF-␤1 and mTGF-␤3 to induce signaling at concentrations that are more than 4 orders of magnitude below the K D value for self-association of the monomers (EC 50 values of about 0.1 nM versus K D values for self-association of 4.1 M).
The elimination of the heel helix from the TGF-␤ monomer was shown to be very effective in terms of blocking the cooperative assembly of T␤RI⅐T␤RII complexes as shown by the TR-FRET data (Fig. 7B ) and the cell based signaling data (Fig. 6, A  and B) . The AUC data showed that elimination of the heel helix led to the weakening of the monomer-monomer interaction by 1 order of magnitude ( Table 3 ). The SPR data shown in Fig. 3, G and H, further showed that the T␤RII-bound form of mmTGF-␤2-7M was incapable of binding and recruiting T␤RI, which is completely expected based on published structures of TGF-␤ receptor complexes that show that T␤RI binds to a composite interface formed by both chains of TGF-␤, as well as T␤RII (8, 9) . Thus, the data show that the reduced propensity of the engineered monomer to self-associate, together with what would be expected to be very weak binding of T␤RI to any dimers that do form, is responsible for the inability of mmTGF-␤2-7M to assemble a T␤RI⅐T␤RII complex. This accounts for the lack of signaling activity, and this together with the retention of high affinity T␤RII binding accounts for the inhibitory activity.
The other type II receptors of the family, activin type II receptor II, activin type IIB receptor, BMP type II receptor, and anti-Müllerian hormone type II receptor, have either been shown or are predicted to bind the GF knuckle and not the GF fingertips, as does T␤RII (1) . Nonetheless, they share the same property as T␤RII in that they bind only by contacting residues from a single GF monomer and not both monomers as has been shown or is predicted for all type I receptors of the family (1). This, together with the structures reported here that show that it is possible to remove ␣3 without affecting the overall structure of the monomer (Figs. 2, B-D, and 5 , B-E), suggests that it might be possible to generate monomers of other GFs of the family lacking the heel helix that function as inhibitors. These types of inhibitors have numerous potential applications, ranging from research tools for probing roles of specific ligands in vivo to clinically useful inhibitors for treating disease, which are driven by hyperactive signaling by other ligands of the family, such as cancer cachexia by activin (45) .
Experimental procedures
Protein expression and purification
TGF-␤1 was expressed as a secreted protein bound to its prodomain in stably transfected CHO cells. The cell line used to produce TGF-␤1, and the accompanying procedure to isolate the mature disulfide-linked TGF-␤1 homodimer from the conditioned medium, has been described previously (46) and was kindly provided from Dr. Peter Sun (NIAID, National Institutes of Health, Rockville, MD). Mouse homodimeric TGF-␤2 (TGF-␤2), human homodimeric TGF-␤3 (TGF-␤3), and variants, including homodimeric N-terminal avi-tagged (47) TGF-␤3 (avi-TGF-␤3), monomeric TGF-␤2 (mTGF-␤2), monomeric 
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TGF-␤3 (mTGF-␤3), mini-monomeric TGF-␤1 (mmTGF-␤1), mini-monomeric TGF-␤2 (mmTGF-␤2), mini-monomeric TGF-␤3 (mmTGF-␤3), mini-monomeric TGF-␤2 with seven substitutions to enable high affinity T␤RII binding (mmTGF-␤2-7M), and mini-monomeric N-terminal avi-tagged (47) TGF-␤2 with seven substitutions to enable high affinity T␤RII binding (avi-mmTGF-␤2-7M), were expressed in E. coli, refolded from inclusion bodies into native folded disulfidelinked homodimers (TGF-␤2, TGF-␤3, avi-TGF-␤3) or monomers (mTGF-␤1, mTGF-␤2, mTGF-␤3, mmTGF-␤1, mmTGF-␤2, mmTGF-␤3, mmTGF-␤2-7M, avi-mmTGF-␤2-7M), and purified to homogeneity using high resolution cation exchange chromatography (Source Q, GE Healthcare) as described previously (38) . The nomenclature and features of the dimeric and monomeric TGF-␤s used in this study are summarized in the supplemental Table S1 , and the complete sequences are shown in supplemental Fig. S1 . The human T␤RI ectodomain (T␤RI), spanning residues 1-101 of the mature receptor, or a variant spanning residues 1-88 of the mature receptor with a 15-amino acid avitag (47) appended to the C terminus (T␤RI-⌬C-Avi) was expressed in E. coli, refolded from inclusion bodies, and purified to homogeneity as described previously (7) . The human T␤RII ectodomain (T␤RII), spanning residues 15-136 of the mature receptor, or the same but with a C-terminal hexahistidine tag (T␤RII-His) was expressed in E. coli, refolded from inclusion bodies, and purified to homogeneity as described previously (48) .
Solubility assays
TGF-␤ dimers and monomers were prepared in 100 mM acetic acid to concentrations of 300 M or higher and diluted to the desired concentration in either 100 mM acetic acid or phosphate-buffered saline (PBS, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4). The pH of the samples diluted into PBS were adjusted with small aliquots of NaOH to ensure a final pH of 7.4. The light scattering at 340 nm of the samples was measured in a 1-cm quartz cuvette using a HP 8452 diode array spectrophotometer (Hewlett-Packard, Palo Alto, CA). The samples were transferred to a microcentrifuge tube and centrifuged at 20,000 ϫ g for 5 min, and the absorbance at 280 nm of the supernatant was measured using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
NMR spectroscopy
mmTGF-␤2 and mmTGF-␤2-7M samples isotopically labeled with 15 N or 15 N and 13 C for NMR were prepared by growing bacterial cells in M9 media containing 0.1% (w/v) 15 NH 4 Cl or 0.1% (w/v) 15 NH 4 Cl and 0.03% (w/v) 13 C-labeled glucose. All NMR samples were prepared in 10 mM sodium phosphate, 10 mM CHAPS, and 5% 2 H 2 O at a protein concentration of 0.2 mM, pH 4.7. All NMR data were acquired at a sample temperature of 37°C at either 700 or 800 MHz using Bruker AV-I or AV-II spectrometers equipped with a 5-mm 1 H-{ 13 C, 15 N} TCI cryogenically cooled probe (Bruker, Billerica, MA). Backbone resonance assignments of mmTGF-␤2 and mmTGF-␤2-7M were obtained by collecting and analyzing sensitivity-enhanced HNCACB (49), CBCA(CO)NH (50), C(CO)NH (51), and HNCO (52) data sets with 25% non-uni-form sampling of the points in the 13 C, 15 N acquisition grid. Backbone amide 15 N T 2 relaxation parameters were measured in an interleaved manner at 300 K at a 15 N frequency of 70.95 MHz using 1 H-detected pulse schemes previously described (53) . The T 2 data sets were each collected using 8 -10 delay times, varying between 16 and 192 ms. The T 2 relaxation times were obtained by fitting relative peak intensities as a function of the T 2 delay time to a two-parameter decaying exponential. Data were processed using NMRPipe (54) , with the SMILE algorithm used for prediction of the missing points in the 13 C and 15 N dimensions of the non-uniform sampling data sets (55) . Data analysis was performed using NMRFAM-SPARKY (56) .
SPR binding measurements
SPR measurements with TGF-␤2 and mmTGF-␤2 shown in Fig. 3, A and B , were performed using a Biacore 3000 SPR (GE Healthcare) instrument with direct immobilization of TGF-␤2 or mmTGF-␤2 on the surface of a CM5 sensor chip (GE Healthcare) using an amine (carbodiimide-based) coupling kit (GE Healthcare). SPR experiments shown in Fig. 3 , C, E, and G and in D, F, and H with TGF-␤3 and mmTGF-␤2-7M, respectively, were performed using a Biacore X100 SPR instrument (GE Healthcare) with biotinylated ligands captured at a moderate density (50 -200 resonance units) onto a streptavidin-coated CM5 sensor chip (GE Healthcare). Biotinylated TGF-␤3 or mmTGF-␤2-7M was generated by expressing TGF-␤3 or mmTGF-␤2-7M with an N-terminal 15-amino acid avitag (47) . avi-TGF-␤3 or avi-mmTGF-␤2-7M was bound to T␤RII in 10 mM Bicine, pH 8.0, and biotinylated by incubating with a catalytic amount of bacterially expressed BirA recombinase, biotin, and ATP at 37°C for 2 h as described (38) . Biotinylated avitagged TGF-␤3 or avi-tagged TGF-␤2-7M was bound to a C4 reverse phase column equilibrated with 94.9% water, 5% acetonitrile, 0.1% trifluoroacetic acid and eluted with a linear acetonitrile gradient.
SPR measurements shown in Fig. 3 , A-F, were performed in HBS-EP buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P-20 (GE Healthcare)) with the receptor indicated injected over a series of 2-fold dilutions over the concentration range shown. Injections were carried out in duplicate and included 10 buffer blank injections at the start of the experiment. Injections were performed for 2-3 min at a flow rate of 100 l min Ϫ1 , followed by a dissociation for 1 min or longer in which buffer alone was injected. Each cycle of injection was followed by a 30-s injection of 4 M guanidine⅐HCl, 2 M NaCl. Data were processed by subtracting both the response from a blank flow cell as well as buffer blanks using the program Scrubber2 (Biologic software, Campbell, Australia). Kinetic fitting of the data was performed with Scrubber2 assuming a simple 1:1 binding model. SPR measurements shown in Fig. 3 , G and H, were performed similarly, except 2 M T␤RII was included in both the running buffer and the injected samples.
Crystallization, structure determination, and refinement
Crystals of mmTGF-␤2 were formed in sitting drops at 25°C by combining 0.2 l of a 7.9 mg ml Ϫ1 protein stock solution in 10 mM MES, pH 5.5, with 0.2 l of the precipitant from the well, 20% polyethylene glycol 3350, 0.2 M sodium thiocyanate. Harvested crystals were mounted in undersized nylon loops with excess mother liquor wicked off, followed by flash-cooling in liquid nitrogen prior to data collection. Data were acquired at the Advanced Photon Source NE-CAT beamline 24-ID-C and integrated and scaled using XDS (57) . The structure was determined by the molecular replacement method implemented in PHASER (58) using a truncated version of PDB entry 2TGI (59) as the search model. Coordinates were refined using PHENIX (60) , including simulated annealing with torsion angle dynamics, and alternated with manual rebuilding using COOT (61) . Data collection and refinement statistics are shown in Table 1 .
Crystals of the mmTGF-␤2-7M⅐T␤RII complex were formed in hanging drops at 25°C by combining 1.0 l of a 7.4 mg ml Ϫ1 stock solution of the complex in 10 mM Tris, pH 7.4, with 1.0 l of 0.1 M Hepes, pH 7.5, 60% v/v (Ϯ)-2-methyl-2,4-pentanediol. Harvested crystals were mounted in nylon loops, followed by flash-cooling in liquid nitrogen prior to data collection. Data were acquired at the Advanced Photon Source 22-ID-D and integrated and scaled using HKL2000 (62) . The structure was determined by the molecular replacement method implemented in PHASER (58) using T␤RII (PDB 1M9Z (63)) and mmTGF-␤2 as search models. Coordinates were refined using PHENIX (60), alternated with manual rebuilding using COOT (61) . Data collection and refinement statistics are shown in Table 1 .
Crystals of mmTGF-␤2-7M were formed in hanging drops at 25°C by combining 1.0 l of a 10 mg ml Ϫ1 protein stock solution in 20 mM acetic acid with 0.8 l of the precipitant from the well, 100 mM sodium acetate dibasic trihydrate, pH 4.6, 25% 2-propanol, and 400 mM calcium chloride dehydrate, and 0.2 l of 5% n-octyl-␤-D-glucoside. Harvested crystals were mounted in nylon loops and cryoprotected in well buffer containing 20% glycerol and flash-cooled in a nitrogen stream. Data were collected at 100 K using a Rigaku FR-E Superbright generator equipped with a Saturn 944 CCD detector and processed using MOSFLM (64) in CCP4 (65) . The structure of mmTGF-␤2-7M was solved via molecular replacement using the structure of mmTGF-␤2-7M from its co-crystal structure with T␤RII. Iterative model building and refinement were performed using COOT (61) and PHENIX 4 , respectively. Data collection and refinement statistics are shown in Table 1 .
Luciferase assays
HEK293 cells stably transfected with the CAGA 12 TGF-␤ reporter were used for the luciferase reporter assays (43) and were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were treated for 16 h with a TGF-␤ (TGF-␤1, mTGF-␤3, or mmTGF-␤2-7M) concentration series or a mmTGF-␤2-7M concentration series in the presence of a constant sub-saturating concentration of TGF-␤ (TGF-␤1, 8 pM; TGF-␤2, 20 pM; or TGF-␤3, 10 pM). Proteins were diluted in DMEM containing 0.1% w/v BSA. After 16 h, cells were lysed with Tropix lysis buffer (Thermo Fisher Scientific), and luciferase activity was read with a Promega GloMax luminometer (Promega, Madison, WI). Luciferase activity was normalized to total protein levels determined by bicinchoninic acid (BCA) protein assay. GraphPad Prism 6 was used to fit the data to standard models for ligand activity (EC 50 ) and ligand inhibitory activity (IC 50 ) (GraphPad, La Jolla, CA).
Time-resolved FRET assays
The following purified proteins were used to address the ligand requirements for the formation of complexes containing T␤RI and T␤RII: TGF-␤3, mTGF-␤3, mmTGF-␤2-7M, biotinylated T␤RI-⌬C-Avi, and T␤RII-His. Initially, 20 M binary complexes of TGF-␤3⅐T␤RII-His, mTGF-␤3⅐T␤RII-His, and mmTGF-␤2-7M⅐T␤RII-His were formed in a 50 mM Tris, pH 7.5, buffer and stored at 4°C. A TR-FRET assay based on the proximity-dependent transfer of fluorescence from the donor terbium cryptate-labeled anti-His mAb (terbium-anti-His, Cis-Bio, Bedford, MA) to the acceptor XL665-labeled streptavidin (SA-665, CisBio, Bedford, MA) was used to monitor the assembly of ternary ligand⅐T␤RII-His⅐biotinylated T␤RI-⌬C-Avi complexes. 50-l assays containing 100 or 250 nM TGF-␤3⅐T␤RII-His (1:2), mTGF-␤3⅐T␤RII-His (1:1), and mmTGF-␤2-7M⅐T␤RII-His (1:1) complexes were incubated with 50 nM biotinylated T␤RI-⌬C-Avi. Each 50-l ternary complex formation assay also contained 2 nM terbium-anti-His and 30 nM SA-665 and was incubated at room temperature for 2 h. Each condition was tested in replicates of six. Buffer control (n ϭ 6) contained only 2 nM terbium-anti-His and 30 nM SA-XL665. The buffer conditions for each assay were 50 mM Tris, 50 mM NaCl, pH 7.5. The assays were performed in Corning black 384 well low flange microplates (Thermo Fisher Scientific). After a 2-h incubation, the assay plate was measured for terbium/XL-665 TR-FRET on a BMG Labtech Pherastar FS multimode plate reader (BMG Labtech Inc., Cary, NC). An optic module containing 337-, 490-, and 665-nm filters was used to monitor TR-FRET producing raw data for 337/490 (terbium emission) and 337/665 (XL-665) emission. The ratio of 665 emission/490 emission was determined for each condition and was subsequently used to calculate ⌬F, which is a measure that reflects the signal of the sample versus the background. ⌬F was calculated using the following equation: (ratio signal Ϫ ratio negative / ratio negative ) ϫ 100. The ratio signal refers to the assays containing the trimeric complexes or buffer control. The ratio negative refers to two buffer control assays (2 nM terbium-anti-His and 30 nM SA-665). For the buffer control, 2 of the 6 replicates were assigned as negative controls for the purpose of calculating ⌬F. ⌬F was calculated for the remaining four buffer control replicates.
Analytical ultracentrifugation
mTGF-␤3, mmTGF-␤2, and mmTGF-␤2-7M were analyzed by sedimentation velocity to establish equilibrium constants for self-association of monomeric TGF-␤s to form homodimers. mTGF-␤3, mmTGF-␤2, and mmTGF-␤2-7M were each measured at 280 nm in an Epon two-channel centerpiece fitted with quartz windows, and centrifuged at 20°C and 42,000 rpm for 27 h in a 15 mM sodium phosphate buffer adjusted to pH 3.8, containing 100 mM NaCl. 300 scans were collected in intensity mode on a Beckman Optima XL-I analytical ultracentrifuge at the CAUMA facility at the University of Texas Health Science Center at San Antonio. Data analysis was performed with Ultra-
